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It has been found that the silicon nanowires modiﬁed with noble metals can be used to fabricate an effective H2 gas sensor in the present study.
The preparation and surface modiﬁcation of silicon nanowires (SiNWs) were carried out by chemical methods. The morphology of the silicon
nanowires unmodiﬁed and modiﬁed with nanoparticles of platinum, palladium, silver and gold was investigated using scanning electron
microscopy (SEM). The chemical composition of the silicon nanowire layers was studied by secondary ion mass spectroscopy (SIMS) and energy
dispersive X-ray analysis (EDX). The structures of type metal/SiNWs/p-Si/Al were fabricated. The electrical characterization (I–V) was
performed in primary vacuum and H2 at different concentrations. It was found that the metal type used to modify the SiNWs strongly inﬂuenced
the I–V characteristics. The response of these structures toward H2 gas was studied as a function of the metal type. Finally, the sensing
characteristics and performance of the sensors were investigated.
& 2015 Chinese Materials Research Society. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Recently, silicon nanowires (SiNWs)—owing to their extra-
ordinary chemical, electrical and optical properties—have attracted
considerable attention for the materials scientists [1–4]. The high
speciﬁc surface area and high chemical activity make them to be
an interesting candidate for different applications, especially for
gas sensing to environmental monitoring and protection.
Indeed, these properties permit SiNWs to effectively react
with gases. The adsorption of gas molecules on nanowire
surface entails a change in the conductivity, which serves as
the basis for molecular gas sensing [5]. Thus, the sensor
sensitivity is strongly dependent on the surface area. In
addition, SiNW arrays show a low reﬂectance compared to
thin ﬁlms in a wide spectrum range, allowing the fabrication of
solar cells without the use of antireﬂection coatings. This10.1016/j.pnsc.2015.03.003
15 Chinese Materials Research Society. Production and hosting by
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photovoltaic applications. Recently, a hybrid solar cell
model composed of a heterojunction cell and a photo-
electrochemical (PEC) cell was fabricated [6]. In this
structure, a thin ﬁlm of double-walled carbon nanotubes
forms a heterojunction with the silicon nanowire (SiNW)
array which also functions as the transparent counter
electrode of the PEC cell. Besides, Schottky junction solar
cells assembled by coating graphene ﬁlms on n-type silicon
nanowire (SiNW) arrays were developed [7].
A metal-assisted chemical etching method shows a particu-
lar interest for the fabrication of SiNWs-based gas sensor [8].
It is a simple, fast, effective, low cost method compatible with
conventional silicon technology, and allows obtaining verti-
cally aligned nanowires on silicon substrate with a high density
[9]. Moreover, when these nanowires are modiﬁed with noble
metals, such as Pt, Pd, Ag and Au the novel performance gas
sensors could be provided. This is due to the catalytic property
of these materials. This property can be considerably improved
when they are present in the form of nanoparticles [10].Elsevier B.V. This is an open access article under the CC BY-NC-ND license
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modiﬁcation type. Since the catalytic activity and the work
function are different for each type of metal. In addition, the
interaction of H2 molecules with these nanoparticles can
change their work function or resistivity. For these reasons
this work is focused on the study of the sensing properties to
H2 gas for each modiﬁcation type.
Nanowires modiﬁcation by physical and chemical vapor
deposition leads to poor penetration of metal nanoparticles
into the nanowire layer. For this purpose, a wet process like
electroless metal deposition is effective and advantageous.
Moreover, this process is simple in operation, reliable and
inexpensive [11]. The silicon samples are immerged into
metal–salt solutions containing HF, and various kinds of
metals can be deposited [12–15].
Up to now, there are a few reports on the molecular sensing
property of SiNWs. Indeed, recently a SiNW-based biosensor,
consisting of SiNWs decorated with AuNP using SAM of
APTES molecules to anchor the AuNPs on the nanowire
surface was developed [16]. Also, silver-coated SiNW arrays
were prepared for molecular sensing and label-free immunoas-
say sensing using SERS signals, such as rhodamine 6G
(R6G), calcium dipicolinate (CaDPA) and immunoglobulin
G (gamIgG) [17,18]. Recently it was demonstrated that the
sensor made from porous SiNWs substrate, prepared by
metal-assisted chemical etching, shows fast response and
excellent reversibility to subparts per million NO concentra-
tions [8]. Ni/SiNWs nanocomposites, prepared by wet
chemical etching silicon nanowires (SiNWs) coated with
electroless plating nickel, were also used to fabricate humidity
sensor [19]. More recently, a novel sensor for the detection of
H2O2 was fabricated based on H-terminated SiNW arrays
elaborated via electroless etching decorated with AgNPs [20].
Hydrogen is considered as a cost effective, clean and pollution
free fuel that can be an alternative fuel in the present perspective.
The deadly explosive nature in ambient environment of this
odorless and colorless gas makes it a very dangerous gas.
Therefore, it is of great interest to develop efﬁcient and
economically viable hydrogen sensors for the detection of
hydrogen leakage into the atmosphere. There are several reports
on the development of hydrogen sensors mainly based on porous
silicon and metal oxide semiconductors [21–27]. However, for
the ﬁrst type, the porous silicon is elaborated by electrochemical
anodization which is a more or less complicated method and not
compatible with silicon integration technology. In addition, the
porous silicon-based gas sensor has a high series resistance
leading to signiﬁcant power consumption [28]. For the second
type, the high operating temperature (sometimes up to several
hundred degrees Celsius) is the major limitation [25–27].
In this paper, the preparation of a structure of type Al/SiNWs/
Si/Al for H2 gas sensing was reported. SiNWs were formed by
metal-assisted chemical etching and modiﬁed with noble metals
(Pd, Au, Ag and Pt) using the electroless metal deposition
method. The samples were characterized by SIMS (secondary ion
mass spectroscopy), SEM (scanning electron Microscopy) and
EDX (energy dispersive X-ray). The response of the structures
toward hydrogen was measured at room temperature.2. Experimental
P-type Si (100) wafers with a resistivity of 7.7–8.66 Ω cm
were used in this work. The silicon wafers were cut into
samples of 10 10 mm2 in size. The samples were ﬁrst
cleaned by ultrasonication in trichloroethylene, acetone and
deionized water (5 min each). Then the clean samples were
dipped into HF (40%) aqueous solution for 1 min to remove
the native silicon oxide layer. An Al thin ﬁlm of about 0.4 mm
was evaporated under vacuum (8 106 Torr) through a
metallic mask onto the back side. The diameter of the
deposited layer was about 6 mm. And then the samples were
annealed at 577 1C for 30 min in N2 ambiance. The SiNW
arrays were obtained by chemical etching of the clean sample
in 9.65 MHF–0.033 M AgNO3–H2O aqueous solution at 50 1C
for 10 min. The resulting surface was rinsed copiously with
deionized water and immersed in an aqueous HNO3 (70%)
solution for 5 min at room temperature to remove the silver
nanoparticles and dendrites deposited on the surface during the
chemical etching. By using a mask, the silicon nanowires were
formed on the front side on an area of 9 9 mm2. The
modiﬁcation of silicon nanowires by Ag, Au, Pd and Pt
nanoparticles was carried out by the electroless deposition
technique. They were deposited on SiNW arrays by dipping
the samples into the following aqueous solutions, respectively:– AgNO3 (0.01 M)/HF (0.5 M) for 1 min at room temperature.
– AuCl3 (1 mM)/HF (0.15 M) for 10 min at room temperature.
– PdCl2 (1 mM)/HF (0.15 M) for 40 min at room temperature.
– PtO2 (3 mM)/HF (0.15 M) for 1 h at 50 1C.
In the last two solutions, a few drops of HCl were added to
facilitate the dissolution of PdCl2 and PtO2. The resulting
surfaces were rinsed with water and dried under a gentle
stream of nitrogen. The front contact was obtained by
evaporation of an aluminum thin ﬁlm on the silicon nanowire
layer. The diameter of front contact is about 4 mm. The
schematic of the SiNWs gas sensor device is shown in
Fig. 1a. For the gas sensing study, the samples were placed
inside a chamber with inlet and outlet provisions for the gases.
High purity H2 gas was used for the experiments. To measure
and to accurately control the ﬂow rates of the gases throughout
the experiments, mass ﬂow meters were used. In order to well
assess the structure sensitivity toward H2 gas, a primary
vacuum (2 102 Torr) in the measurement chamber was
performed before injecting H2. This allows reducing the effect
of cross-sensitivity from the oxygen in air and thus the sensing
mechanism is simpliﬁed. The current–voltage characteristics in
the dark were measured using an electrometer Keithley 6485
and a voltage/current source ITECH 6121. The schematic
of the gas sensor measurement setup is shown in Fig. 1b.
The measurements were performed at room temperature. The
Schottky diode parameters were extracted from the forward
I–V curves.
The morphology was examined by scanning electron
microscopy (SEM) using a Philips (XL 30) equipped with
an energy dispersive X-ray analysis device (EDX analysis).
Fig. 2. Plan (a) and cross-sectional (b) view SEM images of SiNWs prepared by immersion of a Si(100) sample in 9.65 M HF–0.033 M AgNO3–H2O aqueous
solution at 50 1C for 10 min.
Al
Al
SiNWs
Metal 
NPs
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Fig. 1. Schematics of the (a) gas sensor structure and (b) measurement setup: 1: connection wires; 2: sensor; 3: H2 gas; 4: primary pumping; 5: sensing chamber;
6: current measurement; 7: voltage measurement; 8: ﬂow control.
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determined with a SIMS 4FE7 Cameca microprobe. A
15 keV O2
þ beam was used for depth proﬁling of Pd and
Ag and a 10 keV Csþ beam for Au.3. Results and discussion
3.1. Formation of silicon nanowires
Fig. 2 depicts the SEM images of SiNWs arrays realized on
silicon substrate. A plan view shown in Fig. 2a indicates that
the substrate surface was uniformly covered with nanowires.
It can be also observed that the nanowires tips sticked together,
and the bundles are formed. This is due to van der Waals
forces as was suggested previously [29].The diameter of a
single nanowire is in the range of 20–100 nm. The cross-
section image, displayed in Fig. 2b, indicates that the siliconnanowires were uniformly formed on the whole surface and
regularly oriented in the perpendicular direction to the sample
surface. Their length was about 13 mm.3.2. Modiﬁcation of silicon nanowires with metal
nanoparticles
Au, Pd, Ag and Pt nanoparticles were deposited on SiNWs
by the Electroless Metal Deposition (EMD) process in aqueous
HF solutions containing a metal salt as mentioned above.
The metal salts AgNO3, PdCl2, AuCl3 and PtO2 dissociated
in solution to give metal ions Agþ , Pd2þ , Au3þ and Pt2þ ,
respectively. The electroless deposition of Ag, Pd, Au and
Pt occured according to the following cathodic reactions,
respectively:
Agþþ e- Ag0(s) (1)
L. Baba Ahmed et al. / Progress in Natural Science: Materials International 25 (2015) 101–110104Pd2þþ2e- Pd0(s) (2)
Au3þþ3e- Au0(s) (3)
Pt2þ þ2e- Pt0(s) (4)
As the electronegativity of these metals is higher than that of
Si, metallic ions in the vicinity of the nanowire surface are
believed to capture electrons from silicon. The deposited metal
atoms ﬁrst form nuclei and then nanoclusters to give nano-
particles. Fig. 3a shows that Ag is deposited in the form of
spherical nanoparticles and they are uniformly distributed on
the sample. Their diameter ranges from 70 nm to 170 nm.
Likewise, the Pd is deposited uniformly on the sample surface
in the form of sheets and spherical nanoparticles of diameter
about 2 mm as can be observed in Fig. 3c. Contrary to the case
of Ag deposition, the Pd nanoparticles density is lower and
their surface is rough (Fig. 3a and c). Largely, the deposit has a
sheet-like shape (Fig. 3c and d). However, Au gave similar
structures to that of silver in terms of shape and size (Fig. 3a
and e). Though Pt is deposited in form of spherical nanopar-
ticles, their concentration and size remain lower than those of
Ag and Au (Fig. 3a, e and g). This difference in the form of the
deposited ﬁlms depends mainly on the type of salt used,
deposited metal nature and the deposition parameters. Fig. 3b,
d, f and h shows that the metal deposit is located mainly near
the ends of the SiNW tips. EDX spectra (data not shown)
suggest that the nanoparticles are composed only by metal
element deposited. In order to assess the modiﬁcation depth
of silicon nanowires with noble metal nanoparticles, an
analysis with dynamic SIMS was performed. Accurate
quantitative SIMS analysis requires silicon nanowire stan-
dards, which were not available. Therefore, only the qualitative
SIMS for modiﬁed silicon nanowires is presented here. Also, as the
density of the Pt nanoparticles on SiNWs was very low, it was not
possible to make a depth proﬁling of Pt in silicon nanowire layers.
Fig. 4 shows the concentration proﬁles of Ag, Pt and Pd in the
silicon nanowire layers. It shows that the concentration of these
elements decreases as the depth increases. Concentration over the
entire depth is greater in the following order: Pd4Ag4Au.
Moreover, it can be seen that this same order remains valid for
penetration depth. These results suggest that the modiﬁcation with
Pd is the most important in terms of depth and amount deposited.
However, PtO2/HF solution used is less effective to modify the
nanowires. These results are in accordance with SEM observations.
3.3. Sensor study
Fig. 5 displays the forward and reverse current–voltage
(I–V) characteristics of the Al/SiNWs/p-Si/Al structures
with modiﬁed and unmodiﬁed silicon nanowires at room
temperature. It can be seen from Fig. 5b and d that the I–V
characteristics of Pd and Au modiﬁed structures behave as
an Ohmic contact. However, we found that unmodiﬁed, Pt and
Ag modiﬁed structures exhibit rectiﬁcation properties with
relatively low reverse current compared to forward current
(Fig. 5a, c, and e). The forward current of the three structures
decreases when hydrogen is injected in the measurementchamber. The lowest decrease is observed for unmodiﬁed
structure, which is almost insensitive to H2 concentration. The
signiﬁcant change to H2 concentration is observed for Pt modiﬁed
structure. However, there is not a signiﬁcant change in reverse
current except that for the Pt modiﬁed structure where it decreases
when the concentration of H2 increases (Fig. 5e). The decrease of
forward current with increasing of H2 concentration is due to the
fact that when metal nanoparticles are exposed to hydrogen,
hydrogen molecules dissociate into hydrogen atoms which diffuse
into the nanoparticle lattice reducing their work functions. This
causes an increase in the height barrier leading to a decrease in
the total current that ﬂows through the device. For Ohmic
structures, resistances were determined from a ﬁt of the I–V
curves (Fig.5b and d) and are summarized in Table 1. The
resistance measured in vacuum for Pd and Au modiﬁed SiNWs
structures are 109.53 Ω and 66.44 Ω, respectively. The resistance
of Pd modiﬁed SiNWs structure increases to 116.28Ω when
15 ppm of H2 is injected in the measurement chamber. It continues
to increase with H2 concentration to reach 141.64 Ω for a
concentration of 174 ppm. However, the opposite trend was
observed for Au modiﬁed structure. Indeed, the resistance
decreased to 64.55 Ω when 15 ppm H2 was injected. It continued
to decrease slightly with increasing H2 concentration to reach a
value of 61.07Ω for a H2 concentration of 174 ppm. It is worth to
note that, although the modiﬁcation by Pd and Au gave structures
behaving as an Ohmic contact, their interfaces with nanowire
surface reacted differently with H2. It is reported in the
literature that when Pd is exposed to hydrogen, hydrogen
molecules dissociate into hydrogen atoms which diffuse into
the Pd lattice and react with Pd to form palladium hydride
(PdHx) [30]. As the PdHx resistivity is higher than that of pure
Pd, the structure resistance increases. However, for Au
modiﬁcation more studies are needed to clarify the decrease
of structure resistance by adsorption of H2 molecules.
In unmodiﬁed SiNWs structure, the Al was deposited
directly on the nanowire layer which gave a Schottky contact.
However, when the nanowires were modiﬁed with nanoparti-
cles, the Al ﬁlm was deposited on noble metal nanoparticles.
Thus, the contact between Al and silicon nanowire did not
become direct and the contact type was mainly determined by
the nanoparticle nature. This of course, except when silicon
nanowires were modiﬁed with Pt nanoparticles which were
deposited in low amount and thus the Al could also make a
contact with silicon nanowires between Pt nanoparticles.
Taking into account these and in agreement with the Fig. 5,
the deposition of Au and Pd on SiNWs gave an Ohmic contact
and the deposition of Ag and Al produced a Schottky contact.
These results indicate that the barrier height of contact of Ag,
and Al with the SiNWs layer is higher than that of contact of
Au and Pd with SiNWs layer. It is well known that for p-type
silicon, the barrier height (Øb) is related to the work function
(Øm) by the following relation [31]:
∅b ¼
Eg
q
þχ∅m ð5Þ
where Eg is the band gap energy of silicon, q is the electronic
charge and χ is the electron afﬁnity. From Eq. (5) and that
Fig. 3. Plan (a, c, e and g) and cross-sectional (b, d, f and h) view SEM images of SiNWs modiﬁed with noble metal nanoparticles: Ag (a and b), Pd (c and d),
Au (e and f), Pt(g and h).
L. Baba Ahmed et al. / Progress in Natural Science: Materials International 25 (2015) 101–110 105mentioned above, it can be deduced that the work functions of Ag
and Al are lower than those of Au and Pd. This is in agreement
with literature. Indeed, the values of work function of Ag, Al, Au
and Pd are 4.26 eV, 4.28 eV, 5.1 eV and 5.4 eV, respectively
[32].
The forward I–V characteristic of the Schottky barrier diode
(SBD) based on SiNWs is that of contact metal/SiNWs. For
rectifying contact, it is assumed to be due to thermoionicemission current and it can be expressed as follows [31]:
I ¼ I0 exp q VRSIð ÞnkT 1
 
ð6Þ
where
I0 ¼ AAn T2exp
q∅b
kT
 
ð7Þ
Fig. 4. SIMS proﬁles of Pd, Ag and Au from silicon nanowires layers after
modiﬁcation. SiNW layers were prepared by immersion of Si(100) samples in
9.65 M HF–0.033 M AgNO3–H2O aqueous solution at 50 1C for 10 min.
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RS the series resistance, A
n the effective Richardson constant,
A the diode area, T the absolute temperature, V the applied
voltage and n the ideality factor which for an ideal diode
should be nearly equal to unity. For forward bias such as
VRSI»nkT/q, Eq. (6) can be written as follows:
dV
dlnðIÞ ¼ RSIþ
nkT
q
ð8Þ
Drawing dV/dln(I) vs. I yields a straight line. The slope and
the y-axis intercept allow determining the values of RS and n,
respectively. However, it is rather difﬁcult to directly deter-
mine the value of the barrier height ∅b from Eq. (7) because
the deﬁnite value of the Richardson constant An and the
effective Schottky barrier diode area A for SBD based on
SiNWs must be known. In fact, it is important to note that
there is no reported values of Richardson constant An for SBD
based on SiNWs. In addition, there exists much difﬁculty to
obtain the effective Schottky barrier diode area A for SBD
based on SiNWs. For this reason, we have limited only to
determine the values of n and RS for modiﬁed and unmodiﬁed
structures under different ambiances which are summarized in
the Table 2. The latter shows that the values of ideality factor
are higher than unity and ranged from 3.88 to 9.91 for different
structures and ambiances. As it is reported in the literature,
the deviation from ideal Schottky diode can be attributed to
various effects such as the presence of interfacial layer,
series resistance, and the particular distribution of interface
states [33]. The results in Table 2 shows that the resistance
series for Pt and Ag modiﬁed structures in primary vacuum
are about 542.41 Ω and 220.52 Ω, respectively. In addition,
it can be seen that it increases with H2 concentration to
reach, for a concentration of 174 ppm, values of 795.75 Ω
and 415.50 Ω for Pt and Ag modiﬁed structures, respec-
tively. This behavior is similar to that observed for porous
silicon-based sensors [28]. However, these series resistance
values are lower by about 3 orders of magnitude comparedto those reported on porous silicon-based sensors [28,34].
This can allow SiNW-based sensors to operate relatively at
low voltages. The response of the sensor (S) was evaluated
by the formula [28]:
S¼ Ig IV
IV
ð9Þ
where Ig is the responsive current of the sensor upon
exposure to H2 and IV is the responsive current of the
sensor in primary vacuum. The response–voltage character-
istics allow determining the biasing voltage range at which
the response is optimum for different H2 concentrations.
Biasing in this determined voltage range, response vs time
characteristics were measured for repeated cycles for dif-
ferent concentrations of H2 at room temperature. The
response time is deﬁned as the time needed for the sensor
to reach 67% of the total change for a given concentration of
hydrogen and the recovery time is deﬁned as the time
needed to reach 67% of the total change after the hydrogen
was cut off. It is to be noted that unmodiﬁed structure is
insensitive to H2 molecules independent of H2 concentra-
tion. This is in agreement with I–V characteristics, which
show that the forward current varies very weakly with H2
concentration. Even for Ag and Pd modiﬁed structures, the
response was observed only for high H2 concentration
(174 ppm). Indeed, Fig. 6d shows that the Ag modiﬁed
structure response increased with biasing voltage and it
became signiﬁcant (Z0.29) only for 174 ppm H2 concen-
tration at higher voltage (41 V). Similarly, the Pd modiﬁed
structure response was signiﬁcant for 174 ppm H2 concen-
tration, but this time for biasing voltage was lower than
0.5 V. The response of Ag and Pd modiﬁed structures for
low H2 concentration (15 and 85 ppm) was lower than 0.2 in
the biasing voltage range 0–2 V. This prevented having
response vs time characteristics for repeated cycles at 15 and
85 ppm of H2. The absence of response of Pd and Ag
modiﬁed structures for low H2 concentrations can be
attributed to the fact that a large amount of Ag and Pd
was deposited as shown by SIMS analysis (Fig. 4). Indeed,
this prevents hydrogen atoms to easily reach the interface
Ag (or Pd) nanoparticle–silicon nanowire surface to affect
signiﬁcantly the current ﬂow. This is in accordance with
what was reported in the literature [11]. The insensitivity of
unmodiﬁed structure to H2 can be related to the fact that the
front contact Al ﬁlm is thick enough so that it does not
permit to hydrogen atoms to inﬂuence the barrier height of
Schottky contact of Al/SiNWs. In addition, it seems that the
nanowires situated around front contact and not covered
with Al do not contribute to the sensing, except if they are
modiﬁed with noble metal nanoparticles as in the case of
modiﬁed structures.
The results in Fig. 6b and c show that the response of Au
and Pt modiﬁed structures decreases with increasing of biasing
voltage and increases with increasing H2 concentration.
Evidently, the response is clearly better for Pt modiﬁed
structure than for Au modiﬁed structure, even compared to
that of other structures (Fig. 6a, d and e). For example, the
Fig. 5. I–V characteristics both in vacuum (2 102 Torr) and in the presence of hydrogen gas at different concentrations for structures: unmodiﬁed (a), Pd
modiﬁed (b), Ag modiﬁed (c), Au modiﬁed (d), Pt modiﬁed (e). The measurement was carried out at room temperature.
Table 1
The resistance of Pd and Au modiﬁed Ohmic structures in vacuum and in
different H2 concentrations.
Vacuum
(2 102)
H2
(15 ppm)
H2
(85 ppm)
H2
(174 ppm)
Resistance (Ω) of
Pd-modiﬁed
structure
109.53 116.28 120.48 141.64
Resistance (Ω) of
Au-modiﬁed
structure
66.44 64.55 62.94 61.07
Table 2
The series resistance and ideality factor of unmodiﬁed, Pt and Ag modiﬁed
Schottky structures in vacuum and in different H2 concentrations.
Vacuum
(2 102 Torr)
H2
(15 ppm)
H2
(85 ppm)
H2
(174 ppm)
Unmodiﬁed
n 8.85 6.69 7.58 9.75
RS(Ω) 33.79 40.59 47.38 33.45
Pt-modiﬁed
n 9.61 9.91 8.95 8.26
RS(Ω) 542.41 567.07 779.52 795.75
Ag-modiﬁed
n 7.78 6.63 3.88 7.36
RS(Ω) 220.52 261.15 268.59 415.50
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Fig. 6. Response vs. voltage characteristics of (a) unmodiﬁed, (b) Au, (c) Pt, (d) Ag and (e) Pd modiﬁed structures at room temperature for different H2
concentrations as indicated in the graphs.
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0.35, 0.63 and 0.78 for H2 concentrations of 15 ppm, 85 ppm
and 174 ppm, respectively. It can be noted that the high response
was obtained for low biasing voltage for all structures except for
Ag modiﬁed structure where it was at relatively high biasing
voltage (Fig. 6d). The high response at low biasing voltage is an
important advantage that allows low power consumption.
We studied the sensing characteristics in forward bias mode
with different hydrogen concentrations (15 ppm, 85 ppm and
174 ppm). The structures were biased at voltages in the range
where their responses are optimal as determined from Fig. 6
curves. The unmodiﬁed structure shows no response vs time(not shown here). Response vs time characteristics of Au, Ag,
Pd and Pt modiﬁed structures for repeated cycles at different
concentrations of hydrogen are recorded in Fig. 7. Pd and Pt
modiﬁed structures exhibit a drift in the base line value,
indicating the unstable nature of the sensing behavior (Fig. 7b
and d). As can be seen that the drift increases with the
concentration of H2. Fig. 7a clearly demonstrates that the
sensor response is more stable for Au modiﬁed sample with
minimum drift in the base line value, which is essential for a
reliable sensor. Au and Pt modiﬁed structures are sensitive to
the three H2 concentrations (15 ppm, 85 ppm and 174 ppm).
However, Pd modiﬁed structure is sensitive only to the high
Fig. 7. The variation of current of the Pt, Pd, Au and Ag modiﬁed structures in vacuum when exposed to H2 concentrations of 15 ppm, 85 ppm and 174 ppm at
room temperature.
Table 3
Response time and recovery time for Pd, Pt, Au and Ag modiﬁed structures at room temperature for different H2 concentrations.
Response time (s) Recovery time (s)
Sample H2(15 ppm) H2(85 ppm) H2(174 ppm) H2(15 ppm) H2(85 ppm) H2(174 ppm)
Pd modiﬁed structure No response 163.59 140.96 No response 203.83 145.45
Ag modiﬁed structure No response No response 54.3 No response No response 40.79
Au modiﬁed structure 46.01 56.11 91.07 76.28 56.38 79.46
Pt modiﬁed structure 91.2 98.63 128.69 103.64 77.3 126.1
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structure is slightly sensitive to the highest concentration
(174 ppm). Table 3 displays the response time and recovery time
of the modiﬁed samples. Lowest response times of 46.01 s and
56.11 s and recovery times of 76.28 s and 56.38 s were observed
for Au modiﬁed structure for H2 concentrations of 15 ppm and
85 ppm, respectively. While the lowest response time of 54.3 s
and recovery time of 40.79 s were obtained for Ag modiﬁed
structure for the highest H2 concentration (174 ppm). How-
ever, the highest response times and recovery times were
recorded for Pt modiﬁed structure for all H2 concentrations
although it shows a higher response as mentioned above.
The appreciable short time of response and recovery of Au
and Ag modiﬁed structures can be attributed to high rate of
H2 adsorption and desorption, respectively.It is well known in the literature that Pd is a good catalyst
for more efﬁcient hydrogen dissociation by considerably
reducing the hydrogen adsorption activation energy [34].
Nevertheless, our study shows that the best hydrogen sensing
characteristics were obtained for Au and Ag catalysts. This
may be due to the large amount of Pd deposited which
prevents the hydrogen to reach the interface Pd/SiNWs as
mentioned above. This is corroborated by the fact that Pd
modiﬁed SiNWs structure is sensitive only to high H2
concentrations. The same explanation can be given for the
Ag catalyst. This study shows that Au nanoparticles can be
used as catalyst for H2 detection. This result is very interesting
since bulk gold is considered as an inert material and no
adsorption of molecular H2 was observed on its surface.
Therefore, there are not many studies published in this ﬁeld.
L. Baba Ahmed et al. / Progress in Natural Science: Materials International 25 (2015) 101–110110However, it is reported recently in the literature that a different
effect is observed in gold nanoclusters, where the hydrogen
was adsorbed through a dissociative pathway [35].
4. Conclusion
In this report, a simple and economical method was employed to
fabricate a H2 gas sensor based on SiNWs modiﬁed with noble
metals. SiNWs were modiﬁed with nanoparticles of Ag, Au, Pt and
Pd using a simple and low cost chemical method. It is
demonstrated that the modiﬁcation improves considerably
the response of the sensor in particular with Pt. However,
the modiﬁcation with Ag and Au gives fast time of response
and recovery for low and high H2 concentrations, respec-
tively. The response of Ag and Pd modiﬁed structures is
observed for high H2 concentrations (Z85 ppm). These
devices operate at room temperature using relatively low
voltages. This is an important advantage that allows low
power consumption. In addition, their fabrication is compa-
tible with integrated circuit technology. Thus, they can be
used for producing compact and low-cost sensor systems on
a chip, where both the sensing element and the read-out
electronics can be effectively integrated on the same wafers
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